The increasing occurrence of cyanobacterial blooms in freshwaters is of great concern due to the ability of many cyanobacteria to produce cyanotoxins. In the present work, the eutrophied Vela Lake (Central Portugal), used for recreational purposes and as a water source for agriculture, was monitored every fortnight between 2000 and 2001. Phytoplankton diversity and densities were measured and correlated to environmental parameters. A seasonal phytoplanktonic succession was observed and it was mainly correlated with conductivity, temperature, total suspended solids and nutrients availability (particularly phosphorus). Diatoms were dominant during winter months (inferior temperatures and higher nutrients availability) followed by green algae in early spring and then cyanobacteria from late spring until early autumn (less nutrient availability and higher temperatures). A massive cyanobacterial bloom of Aphanizomenon flos-aquae occurred early in May 2001 and was preceded by the lowest nitrogen levels measured in the water during all the study period. At the time of this bloom senescence, dissolved oxygen was severely depleted and a massive death of ichthyofauna was recorded. A Microcystis aeruginosa bloom was also detected in July 2001 and it occurred following a rapid decrease in abundance of green algae and diatoms. By considering not only the environmental parameters but also the occurrence of cyanobacterial blooms as explanatory variables in a canonical correspondence analysis, the variance explained for the phytoplanktonic assemblage during the study period was increased in about 7% achieving a total of 61.0%, indicating a correlation that may be due to the known competitive advantage and/or allelopathy of the bloom-forming cyanobacteria towards microalgae.
Introduction
Eutrophication of surficial freshwaters is increasing worldwide mainly due to the pressure of anthropogenic activities on aquatic systems which are related to nutrient inputs from agriculture, livestock production, urbanization and industry (Codd, 2000) . The low TN:TP ratios, along with thermal stratification, reduced transparency and an increase in water temperature and pH, frequently enhance the occurrence of cyanobacterial blooms (Dokulil & Teubner, 2000; Jacoby et al., 2000; Oliver & Ganf, 2000; Chellappa & Costa, 2003; Mischke, 2003) . The primary consequence of bloom occurrence is the water quality reduction, which can lead to negative economical, ecological and public health implications (Codd, 2000) . From an ecological point of view, declines in specific biodiversity occur at all trophic levels and there is a deterioration of the habitat, with increased turbidity and a decrease in oxygen concentration. There is also the production of substances that give a bad taste and odour to the water, along with the fact that blooms of cyanobacteria may become dangerous due to the ability of many cyanobacterial strains to produce toxins that can affect a variety of organisms, including humans (Pouria et al., 1998; Codd, 2000; WHO, 2003; de Figueiredo et al., 2004a) . Presently, there are more than 50 known toxic cyanobacterial species mainly belonging to the genera Microcystis, Planktothrix, Anabaena, Oscillatoria, Aphanizomenon, Lyngbya, Cylindrospermopsis, Synechococcus, Gloeotrichia, Nostoc, Schizothrix, Synechocystis and Nodularia (Chorus & Bartram, 1999) .
Toxic cyanobacterial blooms have already been reported in many Portuguese water bodies (Vasconcelos, 2001) . The water body studied in the present work was Vela Lake (Figueira da Foz, Portugal), a shallow eutrophied freshwater body used for recreational purposes and as a water source for agriculture. There are not many published studies about this lake (Antunes et al., 2003) in spite of being subject to investigation at different levels during the last decade, particularly with regard to the occurrence of toxic cyanobacterial blooms (Vasconcelos et al., 1993) . More than 40 Microcystis aeruginosa strains isolated from Vela Lake have been reported as toxic (Vasconcelos et al., 1993) . Toxic strains of Aphanizomenon flosaquae occur in Portuguese freshwater reservoirs (Pereira et al., 2000; Ferreira et al., 2001 ) and also in lakes such as the shallow Mira Lake, in centralwestern Portugal (Vasconcelos, 1999) . Both these species have been shown to cause inhibitory effects over the development of phytoplankton (Singh et al., 2001; de Figueiredo et al., 2004b; Suikkanen et al., 2004) and zooplankton (Lotocka, 2001; de Figueiredo et al., 2004c) . In the present work, during an annual cycle (2000/2001) , the phytoplankton composition and dynamics in Vela Lake were monitored and related to environmental parameters as well as the occurrence of cyanobacterial blooms through canonical multivariate analysis.
Materials and methods

Study area and sampling
Vela Lake (44°58¢ N, 5°18¢ W) is a shallow eutrophied freshwater body located in Quiaios (Figueira da Foz, Central Portugal) . It has an area of approximately 70 ha and is 6 km away from the Atlantic Ocean. The lake is surrounded by Pinus spp., sandy soil and agricultural areas. The water volume is predominantly influenced by the variation of groundwater levels and rainfall, which makes the lake very susceptible to drought during summer months (Silva et al., 1997) . This water body is used for recreation and agricultural purposes. The organic matter and nutrient inputs come mainly from human activities (such as agriculture and modification of land) in surrounding areas. Antunes et al. (2003) has reported an increase of the nutrient levels during the last decade. The municipal removal of groundwater has been also reported as a threat to the future conservation of Vela Lake (Silva et al., 1997) . Water samples were collected just below the water surface and included three replicates of 1 l sampled in neighbouring sites for environmental parameters and phytoplankton analyses. The samples were taken every fortnight during an annual cycle (from November 2000 to November 2001) always in the same sites and in the morning.
Environmental parameters and chlorophyll a
Water temperature, conductivity, pH and dissolved oxygen were determined in situ using portable water testing meters (WTW LF 330 conductivity meter, WTW 340-A pH meter and WTW OXI 320 oxygen meter). In the laboratory, the total suspended solids (TSS), soluble reactive phosphorus (SRP), chlorophyll a (Chl a), ammonium, nitrate and nitrite concentrations were determined according to methodologies described by Lind (1979) and APHA (1992) .
Phytoplankton analysis
Qualitative phytoplankton samples were collected using a net with 25 lm mesh size and fixed in phormol (5% v/v) for species identification, which was made by observation under a light microscope and through Scanning Electron Microscopy (SEM). Identification of the main phytoplanktonic groups were made with reference to: Cyanoprokaryota (Geitler, 1932; Koma´rek & Anagnostidis, 1989 , 1999 , Bacillariophyceae (Germain, 1981; Krammer & Lange-Bertalot, 1986 -1991 Lange-Bertalot, 2001 ) and Chlorococcales (Koma´rek & Fott, 1983) . For the quantification of phytoplankton, samples were fixed in Lugol's solution (1% v/v) and the enumeration was performed according to Lund et al. (1958) .
Statistical analysis
The results obtained during the study period for the environmental variables and the species composition of phytoplankton were subjected to a CCA (canonical correspondence analysis) (ter Braak, 1986 (ter Braak, , 1995 to examine relationships between them. Before running the analysis, the environmental data (including the A. flos-aquae and M. aeruginosa densities which were used in the second CCA analysis as explanatory variables due to their toxic potential) were standardized (by subtracting the mean from each observation and dividing by the corresponding standard deviation) and the phytoplankton abundances were logarithmically transformed. In order to determine the variables best related to the phytoplankton dynamics during the one-year study, a Monte Carlo permutation test was applied.
Results
Environmental parameters and chlorophyll a
Environmental parameters are all summarized in (Table 1) . Dissolved inorganic nitrogen levels were higher in winter and lower in spring, summer and autumn. The annual range of nitrate concentration was 0.3-6.6 mg NO 3 -N l 
Phytoplankton composition
During the study period, 245 algal taxa were identified in Vela Lake: 144 Bacillariophyceae, 56 Chlorophyta, 24 Euglenophyta, 10 for Cyanobacteria and 11 for other groups such as Chrysophyceae, Dinophyta and Xanthophyceae. The most abundant taxa are presented in Table 2 and their annual variation is presented in Figure 1a .
Diatoms dominated from November 2000 to early March 2001 (with densities between 7.81 Â 10 4 and 1.32 Â 10 6 cells ml )1 ) (Fig. 1b) , coinciding with elevated conductivity levels (327-493 lS cm )1 ) and low values for temperature (11.5-16.6°C) and pH (7.29-8.34 ). During this period, the TSS concentration was also relatively low (0.002-0.030 g l )1 ) and the nutrient (DIN and SRP) concentrations were high (2.23-7.30 mg l )1 for DIN and 0.53-1.65 mg l )1 for SRP). The highest levels of nutrient concentrations preceded a small bloom of diatoms (up to a density of 1.32 Â 10 6 cells ml )1 ) at the beginning of January dominated by Aulacoseira granulata var. angustissima. Other identified Bacillariophyceae taxa that showed high densities during this year included Aulacoseira ambigua, A. granulata and Stephanodiscus (Cyclostephanus) invisitatus (Fig. 2a ).
Chlorophytes were generally dominant in late March and April (reaching cell densities between 0.78 and 1.30 Â 10 6 cells ml )1 ). This correlated with the decrease in nutrient levels and conductivity and rising temperature and pH (Table 1) . The dominant taxa included Coelastrum reticulatum var. reticulatum, Kirchneriella lunaris, Monoraphidium contortum, Scenedesmus acuminatus var. acuminatus and Pediastrum boryanum var. boryanum. Nevertheless, the Chlorophyta community was relatively stable from January until November (Fig. 2b) , except in July (at the time of the M. aeruginosa bloom) when its abundance decreased. During the senescence of the A. flos-aquae bloom (coinciding with severe oxygen depletion and an increase in ammonium levels), at the end of May, the changes in chlorophyta taxa included the decrease of Coelastrum reticulatum var. reticulatum and an increase in Monoraphidium contortum abundance (attaining its highest levels) and the isolated appearance of Kirchneriella lunaris (Fig. 2b) .
Cyanobacteria dominated from May until November 2001 with densities ranging from 4.66 Â 10 5 to 4.58 Â 10 7 cells ml )1
. This cyanobacterial dominance corresponded to the lowest nutrient values (0.660-2.420 mg l )1 for DIN and 0-0.24 mg l )1 for SRP) as well as the lowest conductivity recorded (272-370 lS cm )1 ). In contrast, the highest values for temperature (15.2-29.4°C), pH (8.24-9.94) and ) were recorded during this period. The most abundant cyanobacteria found in this lake during the study period belonged to the taxa: Aphanizomenon flos-aquae, Chroococcus limneticus, Microcystis aeruginosa and Pseudanabaena sp. (Fig. 2c) . The main cyanobacterial blooms were observed at the end of April (dominated by Chroococcus limneticus), mid May (dominated by A. flos-aquae) and during June and July (dominated by M. aeruginosa). From the beginning of July until the beginning of September there was a co-dominance of M. aeruginosa and C. limneticus (which was the most persistent cyanobacterial taxon during the study period). Pseudanabaena sp. showed also a high density only in the first 15 days of June, co-dominating the bloom with M. aeruginosa. In spite of the toxic potential during the A. flos-aquae and M. aeruginosa blooms, the number of phytoplankton taxa did not show a drastic reduction (Fig. 1a) , although the abundance of diatoms and green algae (Fig. 2a and b) decreased markedly during M. aeruginosa bloom in July.
The canonical correspondence analysis
Results from CCA ordination of most abundant phytoplankton species and environmental variables (Fig. 3a) lead to the conclusion that conductivity, temperature and TSS were strongly correlated (0.82, )0.75 and )0.72, respectively) with the first CCA axis while SRP, dissolved oxygen and TSS were the most correlated (0.40, )0.39 and )0.38, respectively) with the second axis. These two axes alone explained 23% of the total phytoplankton variance while all the environmental variables considered for the analysis accounted for 55% of the total variation of the phytoplankton assemblage (Table 3a) . On the negative side, the first axis is defined by the green algae Kirchneriella lunaris (KRCH), Scenedesmus semicristatus (SNSM), Scenedesmus spinosus (SNSP), Monoraphidium contortum (MNRC) and Scenedesmus protuberans var. minor (SNPR), but also by the diatom Cyclotella stelligera (CYCS) and the cyanobacteria Microcystis aeruginosa (MIAE). The positive side of the first axis is defined by, among other algae, the diatoms Gomphonema augur (GPAU), Navicula oligotraphenta (NVOL) and Craticula halophila (CRTH). Along the second axis, the positive area is defined by the green algae Scenedesmus serratus (SNSR), Kirchneriella lunaris (KRCH), Pediastrum tetras (PDTT), Lagerheimia subsalsa (LGRH) and Pediastrum simplex var. simplex (PDSS), and the negative extreme is defined by the diatoms Cyclotella stelligera (CYCS) and Gomphonema augur (GPAU), the chlorophyte Botryococcus braunii (BTRB) and the cyanobacteria Oscillatoria sp. (OSCL). The distance of K. lunaris (KRCH) (Fig. 3a) from the other species suggests it occurs only during certain conditions possibly related to growth under adverse conditions such as oxygen depletion.
A second CCA (Table 3c and Fig. 3b) is shown including the A. flos-aquae and the M. aeruginosa densities as 'explanatory' variables. The ordination diagram obtained (Fig. 3b) shows that conductivity and temperature are still strongly correlated ()0.81 and 0.74, respectively) with the first CCA axis, but immediately followed by M. aeruginosa abundance and TSS with correlations of 0.65 and 0.60, respectively, with this same first axis. The second axis shows correlation with SRP and nitrate concentrations (both with 0.44). Aphanizomenon flos-aquae abundance is weakly correlated with both the first and second axes (0.03 and 0.06, respectively), indicating its low influence over the phytoplankton assemblage. The phytoplankton (without A. flos-aquae and M. aeruginosa) variance explained by the used total assemblage of explanatory variables was 61% while the first two axes still explain 23% of the total phytoplankton variance. This analysis was preceded by a CCA (Table 3b) using the same species data (without the A. flos-aquae and the M. aeruginosa abundances) but against only the physico-chemical parameters used in the first CCA (Fig. 3a and Table 3a ). This CCA (Table 3b) showed that the first axis was highly correlated with conductivity ()0.81) and temperature (0.74) while the second axis was related to SRP (0.48) and TSS (0.46). The two axes explained 22% of the total variance while the CCA explained 54%. Therefore, the cyanobacterial blooms occurrence (of M. aeruginosa, in particular) raised the explained variance of the phytoplanktonic assemblage during that year by almost 7% once the cyanobacterial densities of A. flos-aquae and M. aeruginosa were the factors missing in the first CCA and included in the second CCA (considering the same phytoplankton assemblage).
Discussion
There is a lack of recently published information concerning planktonic dynamics in Mediterranean lakes, especially in Portuguese territory where there is a strong climatic influence from the Atlantic Ocean. For Vela Lake (Antunes et al., 2003) there is not sufficient information for recent years to allow detailed comparative analysis of physico-chemical and phytoplankton data. Other studies (e.g., Dokulil & Teubner, 2000; Eynard et al., 2000; Mischke, 2003) have observed phytoplankton seasonal succession in lakes where diatoms dominate under conditions of low temperatures and high levels of nutrients and cyanobacterial dominance coincides with the highest temperatures and lowest nutrient concentrations. This is probably due to the ability of some cyanobacteria to fix N, storing P and regulate their buoyancy (Dokulil & Teubner, 2000; Oliver & Ganf, 2000) . However, in general, low N:P ratio levels enhance bloom occurrence in cyanobacteria (Jacoby et al., 2000) . In the present work, a similar seasonal phytoplankton community succession was found for Vela Lake during the study period. The multivariate analysis results indicate that phytoplankton assemblage was highly correlated with conductivity and temperature, but also by TSS and nutrient concentrations (particularly phosphorus). Generally, in winter and autumn months (high nutrient levels and conductivity, along with low temperature and TSS values) diatoms dominated the phytoplankton community. Chlorophytes dominated in early spring and cyanobacteria from early spring until the beginning of autumn (low nutrient levels and conductivity, along with high temperature and TSS values).
The development of the dense A. flos-aquae bloom was preceded by the lowest concentrations of nitrogen, indicating that this cyanobacterial strain is not very dependent on nitrogen availability, probably due to its N-fixing capability (Oliver & Ganf, 2000) . However, the availability of phosphate appeared to be required for the bloom development. Under P depletion, the A. flos-aquae occurred in low densities after the end of May, suggesting that this strain is not able to dominate in phosphate depleted conditions. This phosphorus dependence has been reported for this species (Teubner et al., 1999; Dokulil & Teubner, 2000; de Figueiredo et al., 2004b) . On the other hand, M. aeruginosa blooms occurred after the dissolved oxygen depletion and the sudden increase of the ammonium levels. The M. aeruginosa density remained relatively high until the end of October 2001, even with phosphate depletion in the water. This is most likely due to its ability to store phosphorus and exist in the presence of depleted ambient phosphorus levels (Dokulil & Teubner, 2000) although it requires ambient sources of nitrogen (Jacoby et al., 2000; Oliver & Ganf, 2000) .
In the phytoplankton community, at the time of the cyanobacterial blooms, there was a severe reduction in the chlorophyll a concentration. Nevertheless, the number of the phytoplanktonic taxa was near the maximal, with development of Bacillariophyceae and particularly Chlorophyceae species such as Kirchneriella lunaris that were not particularly prevalent over the remainder of the year. Phytoplankton community dynamics during a cyanobacterial bloom may give important information about the noxious potential of the bloom due to allelopathy (Kearns & Hunter, 2001; Singh et al., 2001; Suikkanen et al., 2004) and/or competitive advantage of cyanobacteria over microalgae (Oliver & Ganf, 2000) . Aphanizomenon flos-aquae strains isolated from blooms in Portuguese water bodies (including lakes) are known to produce toxins, namely PSP-type toxins (Vasconcelos, 1999; Pereira et al., 2000; Ferreira et al., 2001; Vasconcelos, 2001 ) and more than 40 Microcystis aeruginosa strains isolated from Vela Lake have been reported as toxic by Vasconcelos et al. (1993) , with production of microcystins. Using a multivariate analysis with the bloomcausing cyanobacteria as explanatory variables we found that particularly M. aeruginosa abundance had an important influence on the phytoplankton assemblage in general with a negative correlation with the diatom and chlorophyte abundance which may be explained by the competitive advantage of this cyanobacteria over the other phytoplankton in the lake due to the abilities such as regulation of buoyancy and phosphorus storage (Jacoby et al., 2000; Oliver & Ganf, 2000) and/or the allellopatic potential already described for this cyanobacteria in laboratory studies (Singh et al., 2001) . Nevertheless, further work on toxin production of strains and the effects on algae is required. The idea that cyanobacteria may work as an important modulator (along with the environmental parameters) in the composition of phytoplankton community may be very significant when discussing the phytoplankton seasonal dynamics in a water body that suffers from potentially toxic cyanobacterial blooms. Moreover, cyanobacterial dominance may also change the cladoceran community since the toxicity of cyanobacteria such as M. aeruginosa towards cladocerans is well known (Ferra˜o-Filho & Azevedo, 2003) and M. aeruginosa blooms in Vela Lake have been recorded to be toxic (Vasconcelos et al., 1993) . Thus, in future work, the presence of cyanotoxins must be assessed along with allelopathic tests using the bloom-forming cyanobacteria in order to gain a better understanding of the phytoplankton community dynamics. From a public health point of view and considering that A. flos-aquae and M. aeruginosa are potentially toxic, chlorophyll a concentrations recorded during the blooms in May and late June corresponded to a moderate to high risk for human health (WHO, 2003) which emphasizes also the need for cyanotoxins analysis in this lake.
Conclusions
In May 2001, Vela Lake suffered an intense A. flosaquae bloom and, in June 2001, M. aeruginosa blooms occurred. The development of the A. flosaquae bloom was related to the lowest nitrogen levels recorded in the lake and the M. aeruginosa bloom development was associated with high ammonium levels and phosphate depletion. These blooms pose potential health risks, by having chlorophyll a concentrations above the limit, according to the World Health Organization (WHO, 2003) . Conductivity and temperature, followed by the total suspended solids and nutrient concentrations, have shown to be the parameters with the highest correlation with the phytoplankton assemblage in Vela Lake during the study period. Nevertheless, the occurrence of a cyanobacterial bloom (mainly of Microcystis aeruginosa) proved to be also an important parameter correlated with the phytoplankton assemblage during that time. This may be due to the cyanobacterial competitive advantage over algae but also to the toxicity of the bloom-forming cyanobacteria (such as Aphanizomenon flos-aquae and Microcystis aeruginosa which have toxic strains occurring in Portuguese freshwaters, namely in Vela Lake). Future investigation to monitor for the presence of cyanotoxins should be carried out along with allelopathic tests using the bloom-forming cyanobacteria and several algae from different groups to find which algae are more sensitive to cyanobacteria. If a direct relation between phytoplankton assemblage dynamics, environmental parameters and cyanotoxin production could be established, it could be a useful mechanism to help understand, predict and prevent the development of cyanobacterial blooms (through control of nutrient inputs, for example).
